ABSTR ACT. Volcanic islands form the highest topographic structures on Earth and are the sites of some of the planet's largest landslides. These landslides can rapidly mobilize hundreds of cubic kilometers of rock and sediment, and potentially generate destructive tsunamis on ocean-basin scales. The main unknown for tsunami hazard assessment is the way in which these landslides are emplaced. Understanding of landslide dynamics relies on interpretation of deposits from past events: it is necessary to understand where material within the deposit originated and the temporal sequence of the deposit's formation. The degree of fragmentation in a volcanic landslide is controlled by its relative proportions of dense lavas and weak pyroclastic rocks; fragmentation is generally reduced during subaqueous relative to subaerial transport. In the submarine environment, the seafloor-sediment substrate commonly fails during emplacement of a volcanic landslide.
However, in many cases, this sediment failure remains almost in situ as a deformed package rather than disaggregating to form a debris flow. Because seafloor sediment makes up a large proportion of many landslide deposits around volcanic islands, the magnitude of the primary volcanic failure cannot be readily assessed without a clear understanding of deposit constituents.
Both the dimensions of the volcanic failure and the way in which it fails are of key importance for tsunami generation.
Turbidite deposits suggest that some volcanic landslides occur in multiple retrogressive stages. This significantly reduces potential tsunami magnitude relative to models that assume emplacement of the landslide in a single stage.
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The tsunami hazard from volcanic island landslides is well illustrated by three historical examples from Japan (Nishimura, 2008) . A landslide at Komagatake in 1640 deposited ~ 1 km 3 of material underwater, with the resultant tsunami claiming 700 lives.
A similar landslide at Oshima-Oshima in 1741 generated a tsunami that killed 2,000 people. Even more devastating, with 15,000 fatalities, was the 0.48 km Island, Papua New Guinea, in 1888, which removed 5 km 3 of the volcanic edifice (Silver et al., 2009 ).
Modeling suggests that the largestvolume (> 100 km 3 ) volcanic-island landslides can generate tsunamis that travel across ocean basins (Løvholt et al., 2008) . For instance, a worstcase-scenario, single-stage landslide on the Canary Islands may form tsunami wave heights of 3-8 m, before runup, along the east coast of North America (Løvholt et al., 2008) . Landslides generate tsunamis through water displacement, both as they enter the ocean and as they move on the seafloor. Accurate modeling of tsunami generation requires a clear understanding of landslide failure and emplacement processes. Of particular importance to modeling are the total volume of the landslide, where this material originates (e.g., on the subaerial or submerged flanks), and whether this material is mobilized in single or multiple stages (Watt et al., 2012a (Glicken, 1996) . For submerged landslides, efficient tsunami generation occurs when the landslide velocity is close to that of the tsunami wave (Ward, 2001 ), but subaerial slides entering the water may generate even larger waves if they move at higher velocities, piling water ahead of the landslide mass (Fritz et al., 2004) . For landslides on volcanic island flanks, the early stages of movement are most important for tsunami generation, before the material spreads and decelerates (see Watt et al., 2012a ).
The historical landslides described above all occurred in subduction zone settings. The largest landslides in these settings have volumes of tens of cubic kilometers (e.g., Deplus et al., 2001; Montanaro and Beget, 2011) . Larger volcanic islands form in intraplate settings, associated with mantle plumes (e.g., Hawaii, Canary Islands) and are the sources of the largest volcanic-island landslides, reaching volumes of several hundred cubic kilometers (Moore et al., 1989; Masson et al., 2002 (Glicken, 1996) . Volcanic islands provide the greatest relief on our planet. For example, the peaks of the Canary Islands lie up to 7 km above the surrounding seafloor, with gradients of > 10° sustained for tens of kilometers on the island flanks.
Volcanic landslides themselves pose substantial hazards, and they may trigger explosive volcanic eruptions (Siebert, 1984; Glicken, 1996) . In island or coastal settings, the largest landslides may generate destructive tsunamis on oceanic scales (Løvholt et al., 2008) .
Even relatively small (<1 km 3 ) events can trigger locally destructive tsunamis (Nishimura, 2008) . Landslides may also induce decompression of subsurface magma storage systems and thus alter future eruptive behavior (Manconi et al., 2009; Pinel and Albino, 2013) . A range of processes may trigger volcanic landslides (McGuire, 1996) (Moore et al., 1989; Masson et al., 2002) , volcanic island landslides are subdivided into slumps and debris avalanches. Slumps potentially involve multiple discrete fault-bound movements over a prolonged period, with deep basal décollements (gliding planes between two rock masses), and are associated with gradual deformation of the volcanic structure (e.g., Delcamp et al., 2008) . We do not consider slumps further in this paper. The landslide deposits described here originate as debris avalanches on the volcanic edifice. Debris avalanches are deposited in discrete landslide events that affect relatively elongate areas, and they transport cohesionless rock fragments between clearly defined source and depositional regions. Landslide processes affecting the sedimentary cover around volcanic islands may be described as slides or debris flows. Slides involve the movement of coherent sediment masses bound by distinct failure planes. Debris flows transport disaggregated sediment as cohesive flows of clasts in a fine-grained matrix (Iverson, 1997) . Debris avalanches with a high proportion of fine-grained material may develop elements of cohesive flow and can be considered coarse-grained debris flows (Masson et al., 2002) . There is thus a continuum between these end-member types, and because no strict division can be defined, we follow Masson et al. (2002) in collectively referring to blocky deposits derived from the volcanic edifice as debris-avalanche deposits. Here, we also distinguish between volcanic edifice material and associated failures of pre-existing seafloor sediment beyond or mantling the base of the volcanic island flanks. Turbidity currents are dilute and highly mobile submarine sediment flows generated by mixing between landslides and surrounding seawater (Talling et al., 2012) .
Sebastian F.L. Watt (s.watt@bham.ac.uk well-studied groups of islands (e.g., Moore et al., 1989; Deplus et al., 2001; Masson et al., 2002; Silver et al., 2009; Montanaro and Beget, 2012; Hunt et al., 2013a) , often with an additional aim of documenting all known landslide deposits in those geographic regions.
Here, we bring together a range of insights from these earlier studies and also summarize recent results from detailed geophysical (e.g., Watt et al., 2012b) and sedimentological (e.g., Hunt et al., 2011 Hunt et al., , 2013b A clearer understanding of these processes will enable development of a new generation of accurate models for landslide-generated tsunamis. Landslides that account for a large Figure 1 . Shaded topographic gradient maps of (a) the Deposit 1 debris-avalanche deposit offshore Montserrat (Caribbean), a typical fan-shaped deposit with scattered blocks, and (b) the Icod debris-avalanche deposit offshore Tenerife, Canary Islands (Masson et al., 2002) , an elongate deposit with linear surface features indicative of cohesive flow. (c) Shapes of selected volcanic island debris-avalanche deposits, differentiating the source (island flanks) and depositional (surrounding seafloor) regions (Deplus et al., 2001; Masson et al., 2002 Masson et al., , 2008 Watt et al., 2012b) . Deposits are ordered by increasing downslope length-to-width ratios.
EMPL ACEMENT OF MATERIAL FROM THE VOLCANIC EDIFICE
proportion of the overall volcanic structure, regardless of their absolute volume, typically produce deep-seated and divergent scars that encompass the volcano summit (Figure 2 
Material Fragmentation
Regardless of differences in magnitude, (Siebert, 1984; Crandell, 1989; Glicken, 1996) Figure 1 . Continuous lines show the area-extent relationship defined for different ratios of lateral to downslope deposit spreading (see inset). Fan-shaped deposits (y = x) correspond to debris avalanches dominated by large blocks, while elongate deposits show evidence of a significant fine-grained component. (b) Runout distances for debris-avalanche deposits and the failures of seafloor sediment triggered by their emplacement (see inset). In most cases, the extent of seafloor sediment failure is relatively limited in comparison to the mobility expected for a debris flow (note the Canary debris flow point). This is consistent with the confined nature of these sediment failures. There is good evidence that seafloor sediment can be disrupted to depths of > 100 m by debris avalanche emplacement (Figure 4) , both by basal erosion and by the induced failure of loaded sediment (Watt et al., 2012a,b) .
We first consider surface morphological features that indicate such processes, and then interpret them in the light of internal structures.
Surface and Internal Characteristics
In several instances, submarine volcanic debris-avalanche deposits are surrounded by smoother-surfaced regions of seafloor (Figure 4 ) that are marked by small scattered blocks or marginal banks, indicating that they form part of a landslide deposit (e.g., Deplus et al., 2001; Silver et al., 2009; Montanaro and Beget, 2011) . These smooth-surfaced deposits could be interpreted as partially buried, older landslide deposits, smoothed by a younger sedimentary cover (Deplus et al., 2001 ). However, there is no difference in the thickness of post-emplacement sedimentary cover between the blocky and smooth-surfaced regions at these sites, suggesting that the two were formed contemporaneously (Watt et al., 2012a ).
An alternative explanation is that the smooth-surfaced areas represent finer- . Volcanic island landslide deposits where debris-avalanche deposition is associated with seafloor sediment failure. Shaded bathymetry of the (a) El Golfo debris avalanche, associated with triggering the Canary debris flow (Masson et al., 1998) , and (b) debris avalanches in the southern Lesser Antilles (Deplus et al., 2001; Le Friant et al., 2003) , where blocky deposits are associated with smoother-surfaced seafloor sediment failures. Side-scan sonar images of (c) a similar deposit at Kiska Island, Aleutian arc (Coombs et al., 2007) , and the (d) edge of the El Golfo deposit, showing scattered blocks and extensional fault ridges in the source region of the Canary debris flow (Masson et al., 1998) . The seismic reflection profile in Figure 5A shows a landslide deposit offshore Montserrat (Watt et al., 2012b) .
It provides good evidence that blocky debris avalanches can incise deeply into poorly consolidated seafloor sediment.
In the case shown, large blocks are imaged within a deposit that cuts approximately 100 m down into the underlying beds of seafloor sediment.
Truncated sediment beds show that this material has been removed and incorporated into the landslide deposit.
The seismic characteristics of this proximal volcanic landslide deposit are typical, with an irregular top surface and a structureless interior.
In Figure 5B , Watt et al., 2012b There are well-developed models of retrogressive landslide formation (Masson et al., 2010) , but the physical mechanism driving downslope failure propagation is less clear, especially as such deformation can extend for tens of kilometers on very low (< 2°) gradients (Watt et al., 2012a; Figure 4) . Although this style of landsliding is not well studied, it may be widespread in a range of settings (e.g., Trincardi and Normark, 1989) . (Roberts and Cramp, 1996) , while also obscuring the sources of failure in the proximal region. The areas affected by extensional faulting indicate that parts of the seafloor were deformed, but not 
Evidence of Multistage Failure from LandslideTriggered Turbidites
Grading patterns within landslidegenerated turbidites provide strong evidence for multistage failures in the Canary Islands (Hunt et al., 2011 (Hunt et al., , 2013b and elsewhere (Garcia, 1996; Di Roberto et al., 2010; Watt et al., 2012b) . 
